Introduction
Trbp111 from Aquifex aeolicus is an unusual structurespeci®c tRNA-binding protein that has been characterized as a homodimer of 111 amino acid polypeptides (Morales et al., 1999) . Many RNA-binding proteins are speci®c for a particular RNA structure and sequence (such as aminoacyl-tRNA synthetases) or bind non-speci®cally to a variety of RNAs [such as the major cold-shock proteins (Jiang et al., 1997) and the in¯uenza virus NS1 protein, which recognize single-and double-stranded RNA (Wang et al., 1999) ]. Trbp111, on the other hand, recognizes the L-shape of the tRNA fold regardless of sequence. Other tRNA-binding proteins exhibit speci®city for the tRNA structure to a lesser extent [e.g. the translation elongation factor and some tRNA modifying enzymes (Bjo Èrk et al., 1987; Clark and Nyborg, 1997) ].
While Trbp111 was originally isolated from the ancient thermophile A.aeolicus, homologous proteins are found distributed throughout nature. These homologs occur as free-standing proteins, such as the 110 amino acid homolog that is present in Escherichia coli (initially identi®ed as an uncharacterized open reading frame), or as parts of other proteins, such as the mammalian cytokine EMAPII (Kao et al., 1994; Quevillon et al., 1997) and yeast Arc1p, a protein important for nuclear traf®cking of tRNA (Simos et al., 1996 (Simos et al., , 1998 .
While the cellular role of Trbp111 is not known, we showed previously that it is a homodimeric protein that binds to the tRNA structure with high af®nity (Morales et al., 1999) . Its presence as a conserved recurrent module in some aminoacyl-tRNA synthetases has led to the proposal that Trbp111 may act as a molecular assistant to protect and hold tRNA as a substrate for aminoacylation. Indeed, Arc1p has been shown to promote aminoacylation of two speci®c tRNAs (Simos et al., 1996) . Because Trbp111 interacts with the outside corner of the L-shaped tRNA (where the two domains of the tRNA structure are brought together, our unpublished observations), the potential for Trbp111 to have played a role in stabilizing and promoting the L-shape of an emerging tRNA structure in evolution is also suggested.
To understand more deeply the molecular basis of the novel binding speci®city of Trbp111, we set out to determine its crystal structure and, at the same time, to determine which residues within the protein were essential for interaction with tRNA. Preliminary work had yielded crystals of Trbp111 and initial X-ray analysis revealed the presence of a dimeric structure (Morales et al., 1999) . We also obtained crystals of the E.coli homolog and were subsequently able to make several isomorphous heavy atom derivatives. While the E.coli protein is less well characterized in vitro, the similarity of its sequence to Trbp111 and the observed dimeric structure gave us con®dence that its structure could be used to solve by molecular replacement the structure of A.aeolicus Trbp111. Together with the mutagenesis work, we were then able to construct a model for the novel complex of Trbp111 with the L-shaped tRNA.
Results
Overall structure Trbp111 and its E.coli homolog share 27% amino acid sequence identity. Crystal structures of both proteins were pursued simultaneously, but de novo structure determination of the E.coli homolog was easier due to its smaller Crystal structure of Trbp111: a structure-speci®c tRNA-binding protein The EMBO Journal Vol. 19 No. 23 pp. 6287±6298, 2000 ã European Molecular Biology Organization unit cell and better quality X-ray diffraction on in-house equipment (Table I) . Therefore, the crystal structure of the E.coli homolog of Trbp111 was solved to 1.87 A Ê resolution by multiple isomorphous replacement with anomalous scattering (MIRAS) combined with multiwavelength anomalous diffraction (MAD) methods. The resulting model was then used to obtain the molecular replacement solution of the A.aeolicus protein at 2.5 A Ê resolution.
For the E.coli protein the structure was ®rst determined to 2.8 A Ê by MIRAS methods using three derivatives of the P3 2 21 crystals (Table I , left four columns). Later, one derivative (Pt) was used in a MAD phasing attempt (Table I , column 5), but the resulting MAD map at 2.0 A Ê 
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, where D obs ANO and D calc ANO are the Friedel pair differences in the observed and calculated structure factor amplitudes, respectively, for re¯ection h. h FOM, ®gure of merit. i Re¯ections with F > 0 were used in re®nement. j Crystallographic R factor = 100 Q [å h ||F obs (h)| ± |F calc (h)||] R å h |F obs (h)|, where F obs (h) and F calc (h) are the observed structure factor amplitude and the structure factor amplitude calculated from the model, respectively. k The free R-factor was calculated using 90% of the data in the last round of re®nement. resolution was not easily interpretable. To ease in map ®tting, an auto-traceable map, calculated at a resolution of >2.0 A Ê , was sought. This map was obtained at 1.87 A Ê by combining the MIRAS and MAD phases (see Materials and methods), applying density modi®cation and phase extension ( Figure 1A ). The re®ned model of the E.coli protein was then used to obtain the molecular replacement solution of the A.aeolicus protein crystals (Table I , column 6; Figure 1B ). The models of the described structures account for all but the N-terminal methionine of the 111 amino acid A.aeolicus Trbp111 and all 110 amino acids of its E.coli homolog. The two structures reveal similar, oblate homodimers with approximate dimensions 60 Q 40 Q 30 A Ê ( Figure 1C and D) . The asymmetric unit of the A.aeolicus Trbp111 crystals contains two dimers, whereas that of the E.coli homolog contains half of a dimer. Each monomer consists of eight b-strands and two short a-helices arranged into two domains ( Figure 1C and D).
The ®rst domain is based on the classical oligonucleotide/oligosaccharide-binding fold (OB-fold), which is constituted of a ®ve-stranded b-barrel (strands b1±b5) with a small capping helix (a2) (Murzin, 1993) . This domain forms the core of the monomer structure. The ®ve strands span residues 17±26, 36±40, 45±49, 65±69 and 85±86, respectively (Figure 2 ).
The second domain is made up of the N-and C-terminal regions of the protein. These regions extend toward and interact with the core domain and termini of the opposite monomer and thereby form an extensive dimer interface. Using a 1.4 A Ê probe, the calculated dimer interface constitutes 27% of the total solvent-exposed surface area of the monomer (Lee and Richard, 1971) . The presence of the same dimer in crystals of both A.aeolicus Trbp111 and its E.coli homolog and the observed extensive dimer interface are consistent with Trbp111 functioning as a dimer in vitro (Morales et al., 1999) .
Organization of the dimer interface
The quaternary structure of the Trbp111 dimer exhibits a unique topology (Figures 1C and D, and 2A) . The two OB-fold domains, one from each monomer, are spatially separated from the central dimerization domain, leaving two clefts that are~16 A Ê wide and 12 A Ê deep ( Figure 1D ). attening and contoured at 1.4s in the vicinity of Thr42±Val46 (numbers for E.coli protein) and the mercury binding site. The map is superimposed on the re®ned model. (B) A 2F o ± F c simulated annealing (2.5 A Ê , temperature 2000 K) omit map (contoured at 1.3s) of residues Ile7±Leu17 (omitted from the phase calculation) of the A.aeolicus Trbp111 structure. The re®ned model for Ile7±Asp16 is also shown. (C) Ribbon representation of the overall structure of the A.aeolicus Trbp111 symmetrical homodimer from the side view with the dimer 2-fold axis running vertically in the plane of the ®gure. The monomers are shown in different colors. The two OB-fold domains (strands b1±b5 and helix a2), the N-terminal part (helix a1) of the dimerization domain, the loops and the N-and C-termini are labeled. Dotted lines indicate some of the side chain interactions in the dimerization domain. (D) As (C), but with the view looking down the dimer 2-fold axis from the C-terminal region. The C-terminal part (strands b6±b8) of the dimerization domain and loops L8 and L9 are labeled.
Crystal structure of Trbp111
Site-directed mutagenesis showed this cleft to be the site of tRNA binding (see below).
The dimer interface is localized to two regions. The ®rst is the two anti-parallel N-terminal helices (a1 and a1¢), which are held together by two salt bridge interactions between Lys14 (Arg11 in E.coli) or Asp11 (Asp8 in E.coli) in one monomer and Asp11¢ or Lys14¢ in the other, respectively ( Figure 1C ). These helices are amphipathic and their hydrophobic sides face the core of the structure.
The second part of the dimer interface is a six-stranded b-sheet formed by an anti-parallel arrangement of the three C-terminal b-strands (b6±b8) from each monomer (Figures 1D and 2A and B) . The longest strand in the sheet, b7, contains a b-bulge at residues Val97±Ile98 (Leu96±Leu97 in the E.coli protein). The N-and C-terminal halves of b7 interact via backbone hydrogen bonds with b6 and b7¢ of the opposite monomer, respectively. While b6 and b7 from one monomer form an anti-parallel b-hairpin within the sheet, b8 swaps position across the dimer axis to stack anti-parallel to b6¢ of the opposite monomer ( Figures 1D and 2A) . Most of the interactions in this part of the dimer interface are between backbone atoms, conforming with a b-sheet hydrogen bonding pattern. Side chain interactions in this region are seen between Asp101 and Lys64¢, Ile98 and Ile98¢ and an amino±aromatic interaction between the side chains of Arg102 and Tyr55¢. This elaborate topology for dimerization is consistent with a tight dimer as the functional tRNA-binding unit (Morales et al., 1999) . Although these variations between the two proteins could be attributed to differences in crystal contacts, they are suggestive of an intra-monomer as well as an inter-monomer structural¯exibility within the Trbp111 dimer.
Comparison of the two structures
Similarity to anticodon-binding domains of class IIb aminoacyl-tRNA synthetases A search for similar structures was done using the DALI search engine and the FSSP database (fold classi®cation based on structure±structure alignment of proteins; Holm and Sander, 1996) . No less than 10 different proteins containing OB-fold domains with different degrees of similarity to Trbp111 were identi®ed. Sequence identities between Trbp111 and these various OB-fold-containing proteins do not exceed 25%. Among these are bacterial translational initiation factor IF1 (Sette et al., 1997;  r.m.s.d. 2.9 A Ê over 64 aligned C a atoms), the S1 RNAbinding domain, such as that found in polynucleotide phosphorylase (Bycroft et al., 1997; r.m.s.d. 2.6 A Ê over 57 C a atoms), the prokaryotic cold-shock domain (e.g. E.coli CspA, r.m.s.d. 2.4 A Ê over 44 C a atoms; Schindelin et al., 1993 Schindelin et al., , 1994 and four tRNA synthetases. One of the latter is the phenylalanyl-tRNA synthetase (Goldgur et al., 1997) , which contains an OB-fold in its B2 domain, the function of which is unknown. The remaining three synthetases are subclass IIb synthetases: aspartyl-tRNA (Ruff et al., 1991; Eiler et al., 1999) , lysyl-tRNA (Commans et al., 1995; Cusack et al., 1996) and asparaginyl-tRNA synthetases (Berthet-Colominas et al., 1998) . Each contains an OB-fold in its N-terminal anticodon-binding domain. The major differences in the OB-folds of these proteins are in the relative orientation of the ®ve b-strands of the barrel and the length of the capping helix (a2 in Trbp111), which, in some cases, is absent (for a review see Murzin, 1993) .
Superimposition of A.aeolicus Trbp111 on the anticodon-binding domain region of E.coli AspRS (PDB entry 1COA; Eiler et al., 1999) shows that the two structures are similar (Figure 4) , with an r.m.s.d. of 3.7 A Ê in the positions of 72 superimposed core C a carbon atoms. The largest differences are in helix a1, loop L6 (S4±S5 loop in E.coli AspRS) and the N-and C-terminal regions. Helix a1 is longer in AspRS (2.5 helical turns) than in Trbp111 (1 turn) and the S4±S5 loop is longer and adopts a different conformation. The N-terminal 18 amino acids and C-terminal seven amino acids of the AspRS anticodonbinding domain fold back against the surface of the b-barrel whereas in Trbp111 they form the dimer interface.
AspRS and LysRS bind to the tRNA anticodon stem and loop in a similar mode in which a hydrophobic pocket on the side of the b-barrel interacts with the RNA minor groove. The binding pocket is formed between strands b1, b2 and b3 on one side and the loop connecting strands b4 and b5 (S4±S5 loop in AspRS; loop L6 in Trbp111) on the other (Figure 4 ). Three residues that are strictly conserved in class IIb synthetases, Phe35, Arg28 and Gln46 (E.coli AspRS residue numbers), lie in the center of the pocket Fig. 3 . Superimposition of the structures of A.aeolicus Trbp111 (light gray) and its E.coli homolog (black and dark gray) shown as stick models of C a carbon traces. The superimposition, done with the C a atoms of monomer only (light gray and black), shows the difference in the relative positions of the other monomers (light and dark gray) between the two proteins. The ®gure was made using Raster3D (Merritt and Bacon, 1997) .
Crystal structure of Trbp111 and interact (particularly Phe35) with anticodon bases. In the 3D structure superimposition, these residues correspond to Lys36, Arg27 and Thr47 located in the OB-fold of the A.aeolicus Trbp111 structure, respectively. Lys36 and Arg27 do not appear to be involved in tRNA binding of Trbp111, as indicated by the mutagenesis experiments (see below).
In the AspRS S4±S5 loop, hydrophilic residues, such as Arg76, Arg78 and Asn82, form several direct hydrogen bonds with the tRNA backbone and base atoms. In Trbp111 this loop is much shorter and contains Lys73, Arg75 and Ser82 in similar positions. Arg75 and Ser82 were identi®ed as tRNA-binding determinants in A.aeolicus Trbp111 by mutagenesis (see below). This suggests that Trbp111 may interact with the tRNA backbone by hydrogen bonding via these residues. The A.aeolicus Trbp111 structure contains no conserved, exposed aromatic residues such as Phe35 of AspRS. This observation is consistent with a binding mode free of speci®c interactions with tRNA bases. A similar observation is made when superimposing Trbp111 on the major cold-shock proteins (CSPs), which act as RNA chaperones, presumably to prevent the formation of secondary structures of RNA at low temperatures. CSPs bind to single-stranded RNA via aromatic clusters located on the surface of the b-barrel (Schindelin et al., 1993) . No such aromatic clusters are found in the Trbp111 structure. Furthermore, no ribonucleoprotein (RNP) motifs, used by many nucleotide-binding proteins for speci®c base recognition (e.g. some CSPs and E.coli IF1) could be located in the Trbp111 sequence or structure. These observations indicate that Trbp111 is unlikely to bind tRNA in a similar fashion to that known for other OB-fold-containing RNAbinding proteins.
Binding site for tRNA revealed by mutagenesis In order to determine the residues in Trbp111 that make up the binding site for tRNA, we hypothesized that the sequence non-speci®city of Trbp111 binding was dominated by electrostatic interactions with backbone phosphates. To test this hypothesis, single alanine replacements were made in the sequence of A.aeolicus Trbp111 at positions with basic side chains ( Figure 5 ). These included Arg18, Arg27, Arg46, Arg54, Arg75 and Arg102, and Lys14, Lys21, Lys33, Lys36, Lys64 and Lys65. In addition, we selected other residues based on a slight alteration of the multivariate sequence analysis method used in Ortiz and Skolnick (2000) . This method attempts to assign a relevance value to residues based on analysis of multiple sequence alignments. A large cluster of relevant residues was predicted between Ala70 and Ser90. Of these, alanine replacements were made at Asn71, Ser82 and Met85, because these residues are well conserved ( Figure 5 ) and thus could be involved in tRNA binding. Finally, Glu45 was substituted to assess the importance of one of the three conserved acidic residues (Asp43, Glu44 and Glu45) that also fell in an area of high predicted relevance. In total, 15 mutant proteins were constructed and puri®ed. All but K64K65 are single site mutants ( Figure 6 ).
Mutant proteins were subjected to heat treatment at 80°C as a ®rst step in the puri®cation process. This step acted as a test of the structural integrity and stability of mutant proteins. All 15 mutant proteins puri®ed to homogeneity as dimers, as seen by gel ®ltration analysis. With one exception (mutant protein E45A), all proteins were stable when stored at 4°C for a few weeks after puri®cation. The E45A protein had a tendency to precipitate and showed higher molecular weight species in addition to that corresponding to a dimer (24 kDa) when tested by analytical ultracentrifugation (data not shown). Mutants with altered tRNA-binding af®nities were further analyzed by analytical ultracentrifugation and were found to maimtain stable dimeric structures (data not shown).
Each mutant protein was tested for binding to E.coli tRNA Met f by gel mobility shift assay as described by Morales et al. (1999) (Figure 6 ). At ®rst, each protein was tested at six different concentrations that spanned the value (Eiler et al., 1999) are in red. Other, non-conserved residues involved in tRNA binding are in black. Trbp111 residues found important for tRNA binding by mutagenesis experiments are in blue. The ®gure was made using MOLSCRIPT (Kraulis, 1991) . of the dissociation constant K d for the wild-type protein (30 nM). Those that showed no signi®cant difference from the wild-type protein were not studied further. Those that had signi®cantly lower apparent dissociation constants than that of wild-type Trbp111 were then re-tested over a higher range of protein concentration (which included at least six different concentrations). This procedure enabled us to obtain an estimate of the K d , which was then veri®ed by a duplicate analysis, again using at least six different protein concentrations.
The greatest effect of an alanine substitution was seen with the M85A and S82A mutants, which had 66-and >200-fold lower estimated af®nities for tRNA Met f , respectively. The K33A mutation increased the dissociation constant to K d = 500 nM (16-fold), while the E45A mutation increased it to 250 nM (8-fold). Finally, mutating either N71 or R75 to alanine lowered the af®nity of the mutant protein to K d = 250 (8-fold) and 750 nM (25-fold), respectively. None of the other positions that were substituted had a signi®cant effect on tRNA binding (Figure 6 ).
In the Trbp111 crystal structure, residues most sensitive to mutation, S82, M85 and R75, together with N71, are part of the inside lining of the cleft observed between the b-barrel and the dimerization domain (Figure 7 ). While M85 is buried at the bottom of the cleft, N71, R75 and S82 are all solvent exposed and reside in loop L6. Similarly, K33 is on the surface, located in loop L2. Both loops protrude from the OB-fold core and form a rim around the cleft. Only E45, which affects tRNA binding to a lesser extent, is located outside the cleft (at the beginning of strand b3).
The two clefts present in the dimer (one from each monomer) are located on one face of the oblate dimeric structure (top side as shown in Figure 7 ). In contrast,`silent' residues, R18, K21, R27, K36, R46, R54, K64, K65 and R102, are located on the opposite face of the dimer (bottom side in Figure 7 ). K14 (located in helix a1 on the top side) is the only exception. K14 and R102 are both involved in side chain interactions at the dimer interface ( Figure 1C) . Mutation of either did not affect tRNA binding. These Fig. 5 . Alignment of Trbp111-like domains. Fifty-two sequences were aligned with A.aeolicus Trbp111. The naming convention is as follows: the ®rst letter indicates family (T, Trbp111-like; M, C-term of MetRS; A, Arc1p-like; E, EmapII-like; Y, C-term of TyrRS); the second letter indicates kingdom (E, eukaryotes; B, eubacteria; A, archaea). The species name then follows (up to 10 characters total). Conservation levels are indicated by shading, as follows: 100% similarity across all species is shown in red; 80% similarity is shown in green; blue denotes 60% similarity. The locations of mutants in Trbp111 having no effect on tRNA binding are indicated with blue triangles and those locations identi®ed as important for tRNA binding are indicated with red triangles.
Crystal structure of Trbp111 mutations also did not disrupt the dimeric structure (see above).
Prediction of tRNA binding mode
A model of the complex between the dimeric structure of Trbp111 and tRNA was built using computational methods (Katchalski-Katzir et al., 1992) . The coordinates of the E.coli homolog and yeast tRNA Asp (PDB entry 2TRA) were employed. In the search for possible docking modes the tRNA was allowed to move freely with respect to the protein. The resulting potential docking models were largely scored on the basis of surface complementarity and electrostatic interactions. The model with the highest docking score shows a tRNA molecule bound to one face of the Trbp111 structure with maximum surface complementarity occurring at the inner lining of the cleft formed by the b-barrel of one monomer and the N-and C-terminal regions of the other monomer (Figure 8 ). Residues lining this cleft come from both monomers and are highly conserved. As stated above, single site mutations of some of these residues (K33, N71, R75, S82 and M85) resulted in reduced tRNA binding (Figures 6 and 7) .
In this model, loop L6 from the OB-fold inserts between the D and TyC loops at the outside corner of the tRNA Fig. 7 . Stereo view of a C a trace of the Trbp111 dimeric structure with all single site mutations described in Figure 6 highlighted in ball-and-stick representation. Side chains of residues found to be important in tRNA binding are in black (on the top side of the dimer) and are labeled. Residues at which an alanine substitution did not correlate with a measurable effect on tRNA binding are shown in gray (bottom side of the dimer). Loops L2 and L6 are indicated. The ®gure was made with MOLSCRIPT (Kraulis, 1991) . ( Figure 8A ). As seen from the mutagenesis experiments, residues in this loop are highly sensitive to alanine substitutions in tRNA-binding assays. Also, tRNA footprint analysis showed that the outside corner of L is protected upon binding of Trbp111 (our unpublished observations). Thus the best docking arrangement is consistent with the results of mutagenesis.
Furthermore, the electrostatic potential distribution of the Trbp111 surface shows areas of positive charge surrounding the cleft region and the tRNA backbone ( Figure 8B ). This suggests a binding mode driven by general electrostatic interactions with the tRNA phosphate backbone, accompanied by surface complementarity with the cleft.
The docking model is consistent with the 2:1 (Trbp111:tRNA) complex observed by sedimentation equilibrium analysis in solution as described previously (Morales et al., 1999) . There are two symmetrically related, identical clefts on the Trbp111 dimer. Assuming equal tRNA binding, and identical binding interactions, both clefts could in principle act as tRNA binding sites. However, when modeling of a second bound tRNA is attempted, severe steric clashes of the adjacent tRNA molecules occur. Thus, only one of the two potential sites on the protein may be occupied at a time.
The mutagenesis analysis does not allow assessment of whether or not tRNA binding is dependent upon dimer formation. All of the investigated mutant proteins were dimeric, including those with diminished tRNA binding. Because the dimer interactions are primarily between backbone atoms, designing mutations that cause a disruption of the dimer may prove dif®cult. However, the data and analysis presented here support the conclusion that the dimer is required for tRNA binding.
Discussion
The work presented here suggests that although the Trbp111 monomer is constituted largely of the OB-fold found in many DNA-and RNA-binding proteins, it is the unique quaternary structure that confers its unique tRNA binding properties. The dimer offers a putatively novel mode of tRNA binding that utilizes a common fold and dimerization interactions to form a¯exible binding cleft for structure-speci®c recognition of a single tRNA.
Another example of a dimeric RNA-binding protein in which the dimeric structure is essential for RNA recognition is the in¯uenza virus NS1 protein (Wang et al., 1999) . The six-helical fold of this protein is held together by a buried hydrophobic center and several intermolecular electrostatic interactions. It is believed to interact with the phosphate backbone of one double-stranded RNA molecule at two symmetrically positioned clusters of solventexposed basic residues. In contrast, the tRNA-binding epitope on Trbp111 seems to be asymmetrical.
Although tRNA-modifying enzymes interact speci®c-ally with tRNA, some were found to act on minihelices or rRNA and some to require speci®c nucleotide sequences for recognition. For example, tRNA-guanine transglycosylase modi®es tRNAs speci®c for Asn, Asp, His and Tyr with a minimum requirement for recognition of a UGU sequence in a 7 base anticodon loop (Curnow and Garcia, 1995) .
A somewhat structure-speci®c tRNA-binding protein is the translation elongation factor (EF-Tu in prokaryotes or EF-1a in eukaryotes), which participates in the transport of aminoacyl-tRNAs to the ribosomal A-site for translation of mRNA (Nissen et al., 1995) . Like Trbp111, EF-Tu speci®cally recognizes common features of various aminoacyl-tRNAs. However, it is different from Trbp111 in that it can recognize isolated minihelices based on the tRNA acceptor TyC stem, while Trbp111 requires the intact L shape and does not interact with minihelices (Morales et al., 1999) . EF-Tu recognizes tRNA at two locations: the CCA end, which is accommodated in a speci®c binding site on activated EF-Tu, and the TyC helix, which is bound on its side to the surface of a b-barrel Crystal structure of Trbp111 domain in a non-sequence-speci®c way. In this interaction only the backbone of the tRNA is recognized by EF-Tu (Clark and Nyborg, 1997) . Thus, EF-Tu is seen to speci®cally recognize common features in the minihelix domain of all aminoacyl-tRNAs.
A similar principle is probably behind the structurespeci®c recognition of tRNAs by Trbp111. In this case the overall L-shape is recognized at the outer corner via largescale backbone interactions with positively charged protein surfaces, using speci®c features or substructures found only in tRNA. These features can be accommodated by a narrower, more speci®c cleft, as the docking model shows.
The structure-speci®c recognition of the aminoacyl minihelix domain by EF-Tu is an essential interaction of the translation apparatus. Several lines of evidence suggest that the minihelix domain is the historical, more primitive part of the tRNA (Weiner and Maizels, 1987; Schimmel et al., 1993; Maizels and Weiner, 1994) . It is possible that the interaction of Tu with the aminoacyl minihelix represents one of the early structure-speci®c RNA±protein interactions. Similarly, the ancient Trbp111 domain may have evolved in early living systems to assist in the assembly of modern tRNAs from primordial RNA structures that represented the minihelix and the emerging anticodon-containing domain. (A goal of future work is to test whether Trbp111 can bring together the isolated tRNA domains, which individually do not bind Trbp111, when they are mixed with each other.) The subsequent incorporation of Trbp111 as a recurrent module in larger proteins imparted or facilitated functions such as aminoacylation. It also linked tRNA binding and protein synthesis to other cellular events, including those associated with signal transduction pathways (cf. Wakasugi and Schimmel, 1999) . Thus, the structure reported here demonstrates that the widespread distribution of the Trbp111 domain comes from the remarkable versatility of the OB-fold and its capacity to imbed into the framework of many different proteins and thereby carry out and connect together diverse cellular functions.
Materials and methods

Preparation of wild-type and mutant Trbp111
Wild-type A.aeolicus Trbp111 for crystallization and biochemical assays was puri®ed from TG1 cells (Amersham, Arlington Heights, IL) containing plasmid pTrbp111 as described in Morales et al. (1999) . Point mutants in the gene for Trbp111 were constructed by PCR mutagenesis using two complementary DNA oligonucleotides containing the desired mutation according to the QuickChange site-directed mutagenesis method (Stratagene, La Jolla, CA). Following 18 cycles of PCR ampli®cation, the reaction was incubated with Dpn1 to nick the plasmid DNA. The reaction mixture was then puri®ed on a QiaQuick (Qiagen, Santa Clarita, CA) column and introduced into E.coli XL1-blue cells (Stratagene) by heat shock transformation. Candidates bearing mutations were sequenced by automated methods to detect the desired substitution and to con®rm that the remaining sequence was that of the wild-type gene.
Wild-type and mutant A.aeolicus Trbp111 were expressed in E.coli and puri®ed by heat precipitation of cell extracts as described previously (Morales et al., 1999) . The PCR-ampli®ed coding sequence for the E.coli homolog was cloned into the PET21b vector (Novagen, Madison, WI) so as to fuse a sequence encoding a His 6 tag to the C-terminal end of the Trbp111 coding sequence. The protein was expressed and then puri®ed using Ni-NTA af®nity chromatography followed by RNase digestion to remove contaminating nucleotides. Finally, ion exchange chromatography was performed on a 10/10 MonoQ column (Pharmacia, Piscataway, NJ) to achieve the desired purity. The average yield from a 200 ml initial culture volume was 0.5±1 mg of pure protein (95% purity as estimated by SDS±PAGE).
Assay for binding of tRNA Binding of wild-type and mutant Aa-Trbp111 to tRNA was assessed using a gel mobility shift assay as described previously (Morales et al., 1999) . Brie¯y, protein samples at increasing concentrations were incubated with 5¢-32 P-labeled tRNA Met f (1 nM) for 20 min in a buffer solution (20 ml) consisting of 0.5Q Tris±borate, 0.0001% Triton X-100 and 5 mM MgCl 2 . A solution (10 ml) containing 40% sucrose and tracer dyes was added and aliquots (15 ml) were then loaded onto a 1.5 mm thick, 10% 19:1 acrylamide:bis-acrylamide native gel (Hoefer SE260 apparatus; Hoefer Scienti®c, San Francisco, CA). The gel was run at 19 mA for 3 h at 4°C and dried for 120 min onto ®lter paper in a vacuum drier at 80°C. Free and protein-bound tRNA were visualized on a PhosphorImaging screen for 12±16 h and the image developed using a PhosphorImager SI apparatus (Molecular Dynamics, Sunnyvale, CA).
Multivariate analysis of protein sequences
A multiple sequence alignment using the program Clustal_X (Thompson et al., 1997) was constructed using 53 sequences identi®ed in genomic databases with high sequence similarity to Trbp111. The sequences included eukaryotic Trbp111-homologous proteins, such as Arc1p, EMAPII and the C-terminal domain of human TyrRS, as well as the C-terminal region of prokaryotic and archael MetRS. The alignment was then subjected to multivariate analysis adapting the method of Ortiz and Skolnick (2000) .
Crystallization and X-ray data collection Crystals of A.aeolicus Trbp111 were grown from 30% PEG 2000, 0.24 M ammonium sulfate, 0.1 M imidazole pH 7.2 and 24 mg/ml protein. The same crystals were grown previously using different conditions and were partially analyzed (Morales et al., 1999) . Crystals of the E.coli homolog were grown from 20±25% PEG 1000, 0.9±1.2 M ammonium acetate, 0.1 M imidazole pH 7.0 and 10 mg/ml protein. All crystals were obtained using the vapor diffusion method in a hanging-or sitting-drop setup at 17°C. Heavy atom derivatives of crystals of the E.coli homolog were prepared by direct soaking of native crystals in solutions containing 30% PEG 1000, 1.0 M ammonium acetate, 0.1 mM Tris pH 7.2 and either 0.5 mM mercuric acetate, 20 mM K 2 PtCl 4 or 2 mM trimethyl lead acetate for 12, 24 and 30 h, respectively.
For the E.coli homolog, X-ray data from¯ash frozen native and heavy atom derivatized crystals were collected on a MAR345 imaging plate (MAR USA, Evanston, IL) using rotating anode X-rays. A 1.87 A Ê resolution, native dataset and an additional 1.9 A Ê multi-wavelength dataset from a Pt derivative were collected at the Stanford Synchrotron Radiation Laboratory (SSRL) (beamlines 7-1 and 9-2, respectively). For the A.aeolicus protein, 2.5 A Ê resolution native data were collected from ā ash frozen crystal on a MAR345 imaging plate at SSRL (beamline 7-1). All X-ray data were processed with Denzo and scaled using Scalepack of the HKL package (Otwinowski and Minor, 1997) .
Structure determination and re®nement
The crystal structure of the E.coli homolog of Trbp111 was determined using a combination of MAD and MIRAS as follows. Initial heavy atom positions from MIRAS (Hg, Pt and Pb) and MAD (Pt) data were determined independently using SOLVE (Terwilliger and Berendzen, 1999 ; http://www.solve.lanl.gov) and their parameters partially re®ned using data to 3.0 A Ê resolution. Five major heavy atom sites were identi®ed in the MIR solution; two of the sites are the same Pt sites found in the MAD solution. Heavy atom parameters for the two Pt MAD sites were further re®ned in the SHARP maximum likelihood phasing program (de la Fortelle and Bricogne, 1997) using MAD data in the resolution range 35±2.0 A Ê , and MAD phases were then calculated (Table I) . Heavy atom positions, anisotropic b-factors and occupancies of all ®ve MIR sites were further re®ned in SHARP.
In the course of the maximum likelihood re®nement of MIR heavy atom parameters, the Pt MAD phases were used as re®nement constraints (external phases in SHARP). In the ®nal phase calculation in SHARP the MIRAS and MAD phases were combined and used to phase the native dataset in the resolution range 20±2.0 A Ê . After density modi®cation and phase extension to 1.87 A Ê , using 40 cycles (with similar results using 120 cycles) of solvent¯ipping in SOLOMON (Abrahams and Leslie, 1996) and 39% solvent content, the overall ®gure of merit at 1.87 A Ê increased from 0.54 to 0.95, at which point the electron density map was excellent. The 1.87 A Ê map was auto-traced in the program ARP/wARP (Perrakis et al., 1999) using 100 cycles of automatic building in a conservative mode, resulting in an initial model that accounted for 75 residues (of the total of 119 including residues of the His tag) in four polypeptide chains of connectivity index 0.88. Side chains for these 75 residues were automatically built using the side_dock feature of ARP/WARP, with a con®dence level of 35%. Rigid body and positional re®nement of this initial model, performed in the program Crystallography and NMR Systems (CNS) (Bru Ènger et al., 1998) , reduced the crystallographic R-factor from 44 to 20.4% (R-free from 43 to 35%). The model was completed with several rounds of manual model building in the program O (Jones and Kjelgaard, 1992) and simulated annealing re®nement in CNS. Solvent molecules were built and re®nement continued using data in the resolution range 20±1.87 A Ê .
The crystal structure of A.aeolicus Trbp111 was determined by molecular replacement (MR) using the structure of the E.coli protein as an initial search model. The two proteins exhibit 27 and 53% sequence identity and similarity, respectively ( Figure 2B) . The initial search model was constructed by changing 52 residues in the model of the E.coli protein to alanine. A self-rotation search in CNS (Bru Ènger et al., 1998) revealed four molecules in the asymmetrical unit, related by two mutually perpendicular non-crystallographic 2-fold axes that rendered the crystal symmetry very close to C222, as described previously (Morales et al., 1999 ; the b angle in the C2 crystals of A.aeolicus Trbp111 varies between 92 and 95°, depending on freezing conditions). Rotation and translation searches were conducted in CNS using data in the range 20±3.5 A Ê . A real space rotation search, followed by Patterson correlation re®nement, resulted in four rotation function solutions corresponding to the four molecules in the asymmetric unit and related by non-crystallographic symmetry (NCS) operations.
An initial translation search was done with one molecule in the range x = 0±0.5, y = 0±0.5 and z = 0±1 along the unit cell axes. The NCS 2-fold rotation operation around the x-axis was applied to the top solution, followed by another translation search, ®xing the position of the ®rst molecule and re®ning each as a rigid body. The top solution from this translation search was subjected to the NCS 180°rotation around the z-axis and a third translation search conducted with the ®rst two molecules ®xed in position. At this stage the crystallographic and free R-factors for 20±3.3 A Ê data were 41 and 44%, respectively.
Phase improvement was conducted using density modi®cation by solvent¯ipping and density truncation (Read, 1997) without phase extension. Experimental amplitudes (20±3.3 A Ê data) and phases calculated from the ®rst translation solution model were used in a solvent ipping calculation in CNS while including NCS averaging and a solvent content of 65%. A 2F o ± F c (3.3 A Ê ) map was then calculated and inspected in the program O (Jones and Kjelgaard, 1992) . Structure determination proceeded in four alternating rounds of manual model rebuilding and NCS restrained re®nement (Bru Ènger et al., 1998) , while including higher resolution data in increments of 0.2 A Ê . To remove model bias, a composite [sA-weighted simulated annealing (SA), crossvalidated] omit map was calculated and inspected. The map covered the entire asymmetrical unit and was assembled from 11 SA omit maps, each calculated for an omitted region of 40 residues (9% of the model, 10 residues from each of the four molecules in the asymmetric unit). Fitting of solvent molecules proceeded using F o ± F c maps, followed by SA re®nement in CNS. During solvent ®tting and re®nement, NCS restraints were removed for residues in loops L2 (R28±L34), L4 (G51±T67), L6 (N71±G84), L8 (G92±E93) and L9 (D103±G107).
Modeling of the Trbp111±tRNA complex
For the docking of tRNA to A.aeolicus Trbp111 an exhaustive search of a discretized conformational space was used (as implemented in the program ftdock; Gabb et al., 1997) . The method takes advantage of the fast Fourier transform to search the translational space of two rigidly rotated molecules. Docking orientations were scored according to their surface complementarity, following the approach developed by Katchalski-Katzir et al. (1992) . Default parameters were used in the construction of the grid, yielding a cubic grid with 2.51 A Ê spacing. Euler angles were sampled in 20 or 9°steps and the best ®ve scores were saved for each scan. The scoring function combined surface complementarity and electrostatic interactions using default parameters, as implemented in ftdock. The 10 best scoring con®gurations were saved for further analysis and visualization. Finally, the saved conformations were re-scored using the known experimental data from mutagenesis (this work) and tRNA footprint (our unpublished observations) analyses.
